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Following the discovery of the potentially very high temperature superconductivity in monolayer
FeSe we investigate the doping effect of Se vacancies in these materials. We find that Se vacancies
pull a vacancy centered orbital below the Fermi energy that absorbs most of the doped electrons.
Furthermore we find that the disorder induced broadening causes an effective hole doping. The
surprising net result is that in terms of the Fe-d bands Se vacancies behave like hole dopants rather
than electron dopants. Our results exclude Se vacancies as the origin of the large electron pockets
measured by angle resolved photoemission spectroscopy. Furthermore the unexpected doping effects
not only lead to numerous consequences for the debated role of anion vacancies in the iron-based
superconductors, but also demonstrate the surprising rich physics of vacancies in materials in general.
PACS numbers: 74.70.-b, 71.15.-m, 71.18.+y, 71.23.-k
The recent discovery [1] of monolayer FeSe grown on
a SrTiO3 substrate is among the most significant in the
field of Fe based superconductors. In general FeSe films
play an important role for spectroscopies as pure FeSe
is hard to grow as single crystals and hard to cleave
along the Fe plane [2, 3]. By employing a Se etching
technique, in which the SrTiO3 substrate is smoothened
by bombarding it with Se, a FeSe film was grown to be
as thin as a single monolayer[1]. A subsequent anneal-
ing procedure was furthermore found by scanning tun-
neling spectroscopy (STS) to induce a superconducting
gap that is roughly an order of magnitude larger than
in bulk FeSe [4]. The large gap was also confirmed with
ARPES [2, 5, 6]. Direct measurement of the transition
temperature Tc via transport remains difficult due to the
large conductivity of the SrTiO3 substrate induced by the
Se etching treatment [1]. Nonetheless, a crude estimate
based on the gap value led to the exciting conclusion [1]
that the Tc in the FeSe monolayer could be as high as
the liquid nitrogen boiling temperature of 77K.
From a fundamental science point of view, the FeSe
monolayer also has the potential of being a model sys-
tem for the Fe based superconductors. Its two dimen-
sional structure (without the complication of phase sep-
aration like in KxFe2−ySe2 [7, 8]) could simplify the the-
oretical and experimental analysis and help to identify
the essential tuning parameters of the superconductivity.
One point of view [1] is that the high dielectric con-
stant of the SrTiO3 substrate plays a crucial role. This
is based on the fact that no dramatic Tc increase is ob-
served when the much less polarizible bilayer graphene
substrate is employed [4]. A combined functional renor-
malization group and Eliashberg calculation [9] indeed
indicated that the dielectric phonons in SrTiO3 can en-
hance the Tc by screening the repulsive interactions in the
FeSe monolayer. On the other hand the significantly en-
larged in-plane lattice constant of the monolayer caused
by the SrTiO3 substrate is argued [2] to be responsi-
ble for the high Tc in the FeSe monolayer. Of course
yet another essential tuning parameter to consider is the
doping.
While FeSe is expected to be a compensated
semimetal, ARPES measurements [5] surprisingly re-
vealed a strongly electron doped Fermi surface, consisting
only of electron pockets, reminiscent of the Fermi surface
of KxFe2−ySe2 [10–12]. More interestingly it was shown
[6] that the same annealing procedure which induces the
superconductivity is also responsible for the strong elec-
tron doping. By systematically performing ARPES mea-
surements in different stages of the annealing it was found
that the hole pocket systematically vanishes [6]. To ex-
plain the origin of the post-annealing induced electron
doping two scenarios have been proposed [6]. Either
the electron doping is induced by Se vacancies in the
FeSe monolayer or by oxygen vacancies in the SrTiO3
substrate. In previous density functional theory (DFT)
studies, the effects of oxygen vacancies [13, 16, 17], mag-
netism [13–15, 17] and electric field [15] have been con-
sidered. On the other hand there have been numerous
reports on the occurrence of Se vacancies in iron se-
lenides [4, 18–22]. Given their high volatility, Se anions
could easily evaporate during the post-annealing proce-
dure. Such Se vacancies should be expected to electron
dope the Fe bands strongly as they are located in the FeSe
plane. For the same reason, they should also strongly
scatter the Fe-d carriers. This is highly relevant because
disorder itself can induce large effective dopings [23–25].
It is therefore timely to study the influence of disordered
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2Se vacancies on the FeSe monolayer.
In this Rapid Communication we investigate from first
principles the doping effect of disordered Se vacancies in
monolayer FeSe. We find that Se vacancies pull a vacancy
centered orbital consisting of a symmetric superposition
of the surrounding Fe-s orbitals below the Fermi energy
that absorbs most of the doped electrons. Furthermore
we find that the disorder induced broadening induces an
effective hole doping. The surprising net result is that
Se vacancies in terms of the Fe-d bands behave like hole
dopants rather than electron dopants. Our results rule
out Se vacancies to be the origin of the large electron
pockets measured by ARPES. The counter-intuitive dop-
ing effects found in our study also give new insight in the
debated role of anion vacancies in the iron based super-
conductors, and illustrate the rich behavior of vacancies
in materials in general.
The band structure of a disordered system is
given by the configuration-averaged spectral function:
〈An(k, ω)〉=
∑
cA
c
n(k, ω) of Wannier orbital [26] n, crys-
tal momentum k and frequency ω, in which an equal
probability is assumed among the configurations. By
treating the disordered configurations within the super-
cell approximation, their spectral functions Acn(k, ω) can
be obtained directly from the supercell eigenvectors and
eigenvalues, using the unfolding method [27]. To handle
the computational cost related to the large sizes of the
supercells, essential for a proper treatment of the disor-
der, we employ the recently developed Wannier function
based effective Hamiltonian method [28]. The low energy
Hilbert space is taken in the range [-7,3]eV consisting of
the Wannier orbitals of Fe-d and Se-p characters. Fur-
thermore, a vacancy centered orbital of symmetric su-
perposition of the surrounding Fe-s orbitals is included.
The influence of the Se vacancies is extracted from two
DFT [29] calculations: the clean Fe2Se2 and the single
vacancy supercell Fe8Se7. The SrTiO3 substrate is not
included in the DFT calculations since it was found [13]
to have no significant influence on the bands near the
Fermi surface. To mimic the annealing-induced evapora-
tion of the Se atoms only Se vacancies on one side of the
Fe plane are considered. For the configurational aver-
age, we use 10 large supercells (e.g. Fig.2(a)) of random
size, shape and orientation containing 150 atoms on av-
erage. Benchmarks demonstrating the accuracy of the
effective Hamiltonian method and the convergence of the
configuration average against the size and the number of
configurations are given in Ref. [29]. Atomic images are
produced by the XCRYSDEN program [47].
We start by considering the influence of a single Se va-
cancy. For this purpose, we analyze the bandstructure
of the small Fe8Se7 supercell shown in Fig. 1. The first
thing we note is that there are 41 bands within the [-
3,3]eV range consisting of 5 × 8 Fe-d bands leaving one
band unaccounted for. Apparently the Se vacancy pulls
an extra band into the Fe-d band complex. By apply-
FIG. 1: (color online) (a) unfolded bandstructure of the
Fe8Se7 monolayer supercell with the vacancy centered Fe-s
(VCFS) intensity enhanced by a factor of 10. (b) isosurface
(0.05 bohr−3/2) of the VCFS orbital.
ing the projected Wannier function method [26, 29] we
find that the extra band has the character of a bonding
molecular orbital formed by the four Fe-s orbitals that
surround the Se vacancy. We refer to this molecular or-
bital as the vacancy centered Fe-s (VCFS) orbital. From
the VCFS Wannier function plot in Fig. 1(b) we see that
most of its weight is located below the Se vacancy site
where the four neighboring Fe-s orbitals interfere con-
structively. So why would a Se vacancy pull this Fe-s
like orbital down into the Fe-d band complex? After all,
the Fe-s orbitals in FeSe, like many outer shell transition
metal s orbitals in transition metal chalcogenides, are
unoccupied and energetically far above the Fermi energy.
The reason is that the Se2− ions in FeSe are repulsive and
therefore that effectively Se vacancies will be attractive.
Of all the orbitals in the system the VCFS orbital will
feel this attractive potential most strongly as its wave
function is centered right below the Se vacancy. Another
way to understand the presence of the Fe-s orbital is that
without the neighboring Se ligand the Fe ions that sur-
round the Se vacancy become more like atomic Fe, which
has both its 3d and 4s orbitals filled.
Now let us go back to our main question whether Se va-
cancies can electron dope FeSe. If the VCFS orbital was
pulled completely below the Fermi energy, then the two
electrons donated by the Se vacancy would be completely
absorbed. However if we look at the unfolded band struc-
ture in Fig. 1(a) we see that the VCFS band (indicated
with the red color) is only partly occupied. From in-
tegrating the VCFS orbital density of states up to the
Fermi energy we find that the VCFS band is filled with
∼ 1.4 electrons. The reason for this fractional filling is
the large splittings induced by the very strong hybridiza-
tion (∼eV) with the surrounding Se-p orbitals. This
causes the VCFS spectral weight to be partly below and
partly above the Fermi energy. The same analysis has
been performed for other monolayer and bulk supercells
[29] and for all of them the same conclusion was reached
3FIG. 2: (color online) (a) An example of a large sized supercell used for the configurational average. Bandstructure and
density of states of (b) clean FeSe monolayer and (c) disordered FeSe0.9 monolayer with the VCFS intensity enhanced by a
factor of 20.
that each Se vacancy pulls down a VCFS band into the
Fe-d band complex with a filling of ∼ 1.4 electrons. In
particular we checked [29] that the Se vacancy induced
ferrimagnetism and lattice relaxation [31] does not alter
the filling of the VCFS orbital. The VCFS shows simi-
lar large occupancies (∼ 1.6 electrons per As vacancy) in
the Ba2Fe4As3 and Li8Fe8As7 supercells which demon-
strates its importance for all iron based superconducting
families in which anion deficiencies frequently occur. At
this point we conclude from a single impurity point of
view that unexpectedly the Se vacancy only dopes ∼ 0.6
electrons in the Fe-d bands as the other ∼ 1.4 have been
absorbed by the VCFS orbital.
In addition, as was demonstrated in Ref. [23–25],
multiple disordered impurities can conspire together to
induce an effective doping in which the Fermi energy
shifts without the addition or removal of physical elec-
trons. Therefore let us now study the bandstructure of
disordered FeSe0.9. As a reference we first show the band-
structure of the clean FeSe without Se vacancies in Fig.
2(b). In the bottom panel of Fig. 2(b) a rigid band
shift is indicated corresponding to 0.2 electrons per Fe,
which is what would have naively been expected for 10
percent of Se vacancies. As can be seen in Fig. 2(b)
such a shift (indicated by the dotted line and the arrow)
would have almost completely removed the hole pocket
around Γ from the Fermi surface. Such a trend would
have been in good agreement with the ARPES experi-
ments [2, 5, 6], which measure no hole pocket for the
annealed FeSe monolayer.
Yet it turns out that the Se vacancies behave like hole
dopants rather than electron dopants. In Fig. 2(c) the
bandstructure of the monolayer FeSe with 10 percent dis-
ordered Se vacancies is shown. If we compare the bands
around the Fermi surface of the clean FeSe in the bot-
tom of Fig. 2(b) with those of the disordered FeSe0.9
in the bottom of Fig. 2(c) we see that the hole pockets
are enhanced rather than diminished. In particular the
Fermi momentum of the outer hole sheet is enhanced by
∼5% and an additional inner hole sheet emerges. This is
in drastic disagreement with the rigid band shift in the
bottom of Fig. 2(b) in which the hole pockets were al-
most removed. To a large extent, the occupied flat VCFS
spectral weight shown in the top of Fig. 2(c) is respon-
sible for the difference. Just as in the single impurity
supercell case (Fig. 1) the VCFS orbitals are filled with
roughly ∼1.4 electrons. Still, given that the Se vacan-
cies behave like hole dopants this leaves more than ∼0.6
electrons per Se vacancy unaccounted for.
We further observe that the bands of the disordered
FeSe0.9 broaden significantly. These broadenings in both
frequency and momentum space correspond to the finite
lifetime caused by the scattering from the Se vacancies.
The fact that not only the Se-p bands but also the Fe-d
bands broaden is important and was missed in an earlier
calculation [32] based on the coherent potential approx-
imation. The broadening of the Fe-d bands is caused
indirectly by the Fe-d/Se-p hybridization and directly by
the strong but non-local impurity potential of the Se va-
cancies that act on the surrounding Fe-d orbitals.
The disorder induced broadenings of the quasi-particle
peaks in the Fe-d bands are the reason why Se vacan-
cies behave like hole dopants rather than weak electron
dopants. The tails of the quasi-particle peaks pin the
Fermi energy. Therefore if more quasi-particle weight
leaks below the Fermi energy than above the Fermi en-
4ergy will shift downward corresponding to an effective
hole doping [25]. It will be instructive to illustrate this
effect with the raw data of the current case of disordered
FeSe0.9. To this end we compute the band resolved spec-
tral function Aj(k, ω) in the eigenbasis |kj〉 of the clean
FeSe of crystal of momentum k and band j. As an exam-
ple we show in Fig. 3(a) the quasi-particle peaks of bands
10-13 in the energy range [−1.5, 1.5]eV at crystal momen-
tum k0 = (pi/2, pi/4) corresponding to the bar indicated
in the top panel of Fig. 2(c). The contributions from the
degenerate bands 10 and 11 and the degenerate bands 12
and 13 have been added to better visualize the tails of
the quasi-particle peaks. From the numerical integration
in 3(b) we see that at this particular crystal momen-
tum bands 12 and 13 leak more below the Fermi energy
(0.21e/Fe) than bands 10 and 11 leak above (0.08e/Fe)
resulting in a net contribution to the effective doping of
0.13 holes per Fe. Of course the total effective doping
is the sum of the contributions of all the bands at all
the crystal momenta. This example illustrates how the
disorder induced broadenings of the quasi-particle peaks
control the Fermi energy and cause an effective doping of
the bands.
FIG. 3: (color online) (a) Spectral function at fixed crys-
tal momentum k0 = (pi/2, pi/4) with resolved contributions
from bands 10+11 and 12+13. (b) Integrated spectral weight
below/above the Fermi energy of the bands 12+13/10+11.
Given that the Se vacancies behave like hole dopants
rather than electron dopants, they cannot be the cause
of the large electron doping in the FeSe monolayer as ob-
served by ARPES [2, 5, 6]. This leaves open alternative
scenarios such as the oxygen vacancy induced electron
doping. From ARPES measurements [2] dispersionless
spectral weight is found to be present in the SrTiO3 sub-
strate but absent after the FeSe monolayer is deposited.
This is interpreted as an electron transfer from oxygen
vacancy states in the substrate to the Fe-d bands in the
FeSe monolayer. However this does not explain what the
crucial role of the post-annealing is. Another interesting
scenario [33] is that during the Se etching oxygens are re-
placed with Se, which due to their large radius will induce
Se vacancies in the FeSe monolayer. Building on this idea
we can reverse the initial proposal. The post-annealing
could move the Se from the substrate to the monolayer,
thereby removing the Se vacancies rather then creating
them. This would induce an electron doping as Se vacan-
cies are removed and oxygen vacancies are created and
would be consistent with the observation [2] that only the
interfacial layer is doped but not the second monolayer.
Furthermore this could explain why the Fermi surface be-
comes sharper during the annealing procedure since the
oxygen vacancies will scatter the Fe-d bands less than the
Se vacancies. Obviously the study of such a complicated
scenario would require the consideration of the substrate.
The unexpected doping effects of the anion vacancies
reported in this study also have important implications
for their controversial role in the iron based superconduc-
tors in general. For example ARPES measurements [48]
have shown an unexpected net hole doping in the isova-
lent substituted BaFe2(As1−xPx)2. But very puzzling,
the same sample also displays a large amount (∼10%) of
anion vacancies and/or excess Fe, which naively should
have electron-doped the system strongly, instead. A
large VCFS occupancy in combination with an effective
hole doping offers a most likely explanation of this anti-
intuitive observation.
While some studies [21] conclude that anion vacan-
cies suppress the superconductivity, others [18, 19, 22]
conclude that they are an essential ingredient. To re-
solve this debate the microscopic effect of the anion va-
cancies on the Fe-d carriers must be known. We have
shown here that, counter-intuitively, the anion vacancies
lower the Fermi energy which tunes the nesting condi-
tions that govern the spin [34–37] and orbital[38] fluctu-
ation theories of the superconductivity. Yet at the same
time the anion vacancies only change the filling of the
Fe-d orbitals slightly since most of the doped electrons
are absorbed by the VCFS orbital. This means for ex-
ample that anion vacancies will not significantly reduce
the effect of the Hund’s coupling which is known to be
crucial for the correlations and the magnetism in these
compounds [39, 40]. Furthermore, the very strong hy-
bridization (∼ eV) of the VCFS orbitals with their sur-
rounding anion-p orbitals will modify the strong coupling
theories of the superconductivity[41, 42]. A priory one
would think that around the anion vacancy the magnetic
exchange between the Fe-d moments would be reduced
since the hopping processes via the removed anions are
deactivated. However, due to the surprising emergence
of the VCFS state new types of hopping processes are
allowed via the VCFS orbital. The derivation of these
magnetic exchanges is an important task for future stud-
ies. Finally the strong scattering by the anion vacancies
as reflected by the large broadenings of the Fe-d bands
will allow the balance between the competing magnetism
and superconductivity to be tipped [23, 43–46]. Together
these important insights can shed new light on the con-
troversial role of anion vacancies in the iron based super-
5conductors.
In conclusion, we investigated from first principles the
doping effects of disordered Se vacancies on monolayer
FeSe. We find that Se vacancies pull a vacancy centered
orbital below the Fermi energy that absorbs most of the
doped electrons. Furthermore we find that the disorder
induced broadening causes an effective hole doping. The
surprising net result is that Se vacancies in terms of the
Fe-d bands behave as hole dopants rather than electron
dopants. Our results exclude Se vacancies as the origin
of the large electron pockets measured by ARPES. The
counter-intuitive doping effects found in this study also
give new insight in the debated role of anion vacancies in
the iron based superconductors, and exemplify the rich
unexpected effects of vacancies in materials in general.
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6DETAILS OF THE DENSITY FUNCTIONAL THEORY CALCULATIONS
We applied the WIEN2K[1] implementation of the full potential linearized augmented plane wave (LAPW) method
in the local density approximation. The space group P4/nmm and the in-plane lattice constant a = 7.13 Bohr of the
monolayer Fe2Se2 normal cell were taken from Ref. [2]. The out-of-plane lattice constant c was chosen to be c=38.79
Bohr to include enough vacuum to treat the monolayer. The distance between the Fe and Se plane was found from
a lattice relaxation to be z=0.062 (in units of the out-of-plane lattice constant c). To capture the single Se vacancy
influence, the 2× 2 Fe8Se7 supercell was used. The k-point mesh was taken to be 9×9×1 for the undoped normal cell
and 4×4×1 for the supercell respectively. The basis set sizes were determined by RKmax=7.
DETAILS OF THE WANNIER FUNCTIONS
Given the Bloch states |kj〉 corresponding to a set of bands kj , where k denotes the crystal momentum and j
denotes the band index, one can construct a set of Wannier states |rn〉 according to |rn〉 = 1√
l
∑
kj e
−ik·r|kj〉Ujn(k),
where l denotes the number of unit cells in the system, r denotes the lattice vector and n denotes the Wannier
orbital index. The matrix Ujn(k) fixes the so called gauge freedom of the Wannier functions. For this purpose we
use the projected Wannier function method [7–9] in which this matrix is taken to be the projection of norb orbitals
|ϕn〉 onto the Hilbert space of nband(≥ norb) bands |kj〉. The Fe-d and Se-p Wannier functions are defined by
projecting the corresponding atomic orbitals on the bands within the [-7,3]eV energy range. The VCFS Wannier
function is defined by projecting the bonding molecular orbital of the four Fe-s orbitals that surround the Se vacancy:
|ϕVCFS〉 =
√
1/4 (|Fe1−s〉+ |Fe2−s〉+ |Fe3−s〉+ |Fe4−s〉)
VACANCY CENTERED FE-S ORBITAL FOR OTHER SUPERCELLS
FIG. 4: (a) Number of vacancy centered Fe-s (VCFS) bands and occupation for other supercells. (b) Wannier and DFT
bandstructure of the monolayer Fe8Se7 supercell.
In Fig. 7 the occupation analysis of the vacancy centered Fe-s (VCFS) bands for other monolayer and bulk FeSe
supercells is shown. The first three columns in Fig. 7(a) show that per Se vacancy an additional band enters in the
Fe-d/Se-p band complex. The fourth column shows that its occupation is roughly ∼1.4 electrons per VCFS orbital.
The last row shows that the conclusion holds when the Se vacancy induced ferrimagnetism and lattice relaxations are
included that were reported earlier [10]. In Fig. 7(b) we show for the monolayer Fe8Se7 supercell the 62 bands within
the [-7,3]eV energy range from which the 5× 8 Fe-d, the 3× 7 Se-p and the VCFS Wannier function are constructed.
BENCHMARKS OF THE EFFECTIVE HAMILTONIAN AGAINST DFT
To explore the accuracy and efficiency of the effective Hamiltonian method [3] for the case of monolayer FeSe1−x,
we present comparisons of spectral functions An(k, ω) calculated from the full DFT and the effective Hamiltonian
(Fig. 5 and 6). The size of the deviations between the full DFT and the effective Hamiltonian should be compared
7with the size of the impurity induced changes. For this purpose the spectral function of the undoped Fe2Se2 is also
plotted as a reference for each benchmark. The basis set of Linear Augmented Plane Waves (LAPW’s) used in the full
DFT is ∼ 100 times larger then the basis set of Wannier functions used in the effective Hamiltonian method. Since
the number of floating point operations of diagonalization depends cubically on the size of the matrix this implies an
efficiency increase by a factor of 1003 ≈ 106. Furthermore the full DFT calculation involves multiple self consistent
cycles (∼ 10) whereas the effective Hamiltonian method requires only a single diagonalization, which increases the
efficiency by another order of magnitude to ∼ 107.
FIG. 5:
8FIG. 6:
9CONVERGENCE WITH RESPECT TO SIZE AND NUMBER OF CONFIGURATIONS
FIG. 7: Bandstructures of disordered monolayer FeSe0.9 from (a) 10 configurations 150 atoms on average and (b) from 20
configurations with 300 atoms on average.
In Fig. 7 we demonstrate the convergence of the spectral function of disordered FeSe0.9 with respect to the number
and the size of the configurations.
[1] P. Blaha et al., Comput. Phys. Commun. 147, 71 (2002).
[2] S. Margadonna et al., Chem. Commun., 5607 (2008).
[3] T. Berlijn, D. Volja and W. Ku, Phys. Rev. Lett. 106, 077005 (2011).
[4] W. Ku, T. Berlijn and C.-C. Lee, Phys. Rev. Lett. 104, 216401 (2010).
[5] S. Cottenier, Density Functional Theory and the family of (L)APW-methods: a step-by-step introduction (2002).
[6] D. Singh and L. Nordstro¨m, Planewaves, Pseudopotentials and the LAPW method (2006).
[7] W. Ku et al., Phys. Rev. B 89, 167204 (2002).
[8] V. I. Anisimov et al., Phys. Rev. B 71, 125119 (2005).
[9] T. Berlijn, Effects of Disordered Dopants on the Electronic Structure of Functional Materials: Wannier Function-Based
First Principles Methods for Disordered Systems (2011).
[10] K.-W. Lee, V. Pardo and W. E. Pickett., Phys. Rev. B 78 174502 (2008).
